Abstract: Do urban residents experience societal benefits derived from urban forests equitably? We conducted a broad-scale spatial analysis of the relationship between urban greenery and socioeconomic factors in the Portland metropolitan area. The Normalized Difference Vegetation Index was derived from National Agriculture Imagery Program images to map urban vegetation cover, and Outdoor Recreation and Conservation Area data were used to identify green spaces. These measures of urban greenery were correlated with census data to identify socioeconomic factors associated with high levels of green inequity. Population density, house age, income, and race were strongly correlated with vegetation cover. However, the distribution of green spaces showed a much weaker relationship with socioeconomic factors. These results highlight the importance of different measures of access to urban greenery and suggest potential solutions to the problem of urban green inequity. Cities can use our methods to conduct targeted urban forest management to maximize urban forest benefits received by residents.
Introduction
Trees and green spaces are important to human well-being [1] . In cities, it is well established that trees and green spaces provide important environmental, economic, social and psychological benefits [2] [3] [4] [5] [6] [7] [8] [9] . Trees and green spaces influence urban microclimates to reduce the "urban heat island effect" [10] , improve air quality [5] , and reduce surface water runoff [8] . They help us recover from stress [7] , improve public health outcomes [11] [12] [13] , increase social cohesion [14, 15] , may reduce violent crime [16] , can increase property values [6] , and support urban biodiversity [17, 18] . As more and more people make cities their home, cities and societies need to consider how best to maximize the benefits of urban greenery and ensure that urban residents are all able to experience these benefits.
Although urban greenery has important, positive impacts on various aspects of urban quality of life, the distribution of urban greenery appears to be inequitable in many cities around the world [19] [20] [21] [22] [23] [24] . Urban green spaces are most often located in wealthier neighbourhoods [6] and trees on private property are often larger and more abundant in high income neighbourhoods [25] . The canopy cover of public street trees can also vary widely within cities, and lower levels of canopy cover are more often found in lower-income neighbourhoods [20, 23] .
This disparity in access to urban greenery is central to the idea of urban green equity. We define urban green equity as equitable access to urban greenery, regardless of differentiating factors such as socioeconomic status, race, cultural background, or age. Equitable greenery access helps ensure that all residents have equitable access to the services and benefits provided by urban greenery that may be associated with higher levels of societal well-being [12, 13, 26] . Equitable access to urban greenery may be most important for lower socioeconomic groups. For example, the positive effects of urban greenery on health seem to be strongest among lower income groups who are more likely to suffer poor health outcomes and higher levels of mortality [11, 13, 27] . The availability of urban greenery also appears to have a stronger positive effect on residents' perceived general health in lower income groups [12] .
While most cities likely experience some form of urban green inequity, it is not yet clear how this inequity should be defined and measured and what causes it. A diversity of study sites and measures of green cover and green access (or equity) has demonstrated general relationships between measures of privilege and urban green access but has yet to clarify the relative roles that these factors play [19] [20] [21] [22] 24, [28] [29] [30] [31] . As a first step in examining the concept of urban green equity and exploring its potential relationships to socioeconomic patterns, we undertook an analysis of the availability of urban greenery in the Portland-Vancouver metro area, United States of America (US). This first-step analysis does not seek to uncover causal relationships. Rather, our analysis examines correlations between the distribution of urban greenery and socioeconomic factors that may be related to this distribution. Further analysis would be needed to develop a theory of urban green equity that clarifies causal relationships.
Portland is considered an urban forestry leader in the US and was named one of the "10 Best Cities for Urban Forests" in 2013 by American Forests [32] . The City of Portland has a public tree inventory and a tree species diversity plan [33] . Urban forestry appears to be integrated with other municipal planning initiatives, including the city's climate change and green infrastructure plans [34, 35] . From a regional perspective, while there is variation in local urban forestry policies and programs, as of 2010, 25 out of 30 jurisdictions (municipalities, counties, or regions in the Portland-Vancouver metro area) had ordinances regulating tree removal or preservation on private land, and 22 out of 30 jurisdictions regulated street tree removal on public land [36] . Five jurisdictions had adopted urban forestry management plans and four jurisdictions had an urban tree inventory [36] .
A review of local plans and policies suggests that the City of Portland has some understanding of the importance of urban green equity. The Portland Urban Forestry Management Plan 2004 includes a "commitment to equity so environmental impacts and the costs of protecting the environment do not unfairly burden any one geographic or socioeconomic sector of the City" [37] (p. 105). While the 2007 Urban Forest Action Plan has no mention of or strategies to address urban green equity or socioeconomic inequalities through urban forest management [38] , by 2015, the Implementation Update discusses an equity scan completed by the Environmental Services Tree Program in the 2013/2014 fiscal year and efforts to address inequities through programming [39] . The Update includes efforts to ensure equitable service delivery in low-income communities and communities of colour, and optimize tree planting to "support the equitable distribution of street trees throughout the city" [39] (p. 16). The City's new tree code, which took effect at the beginning of 2015, includes a "Tree Planting and Preservation Fund", one of the purposes of which is to advance the equitable distribution of tree-related benefits [40] .
Materials and Methods

Data Collection
Our study site was the Portland-Vancouver metro area. Our analysis included the portion of the Portland-Vancouver metro area that falls within the state of Oregon in order to capture a range of development types and to better reflect the experiences of urban residents who may live and work in different parts of the metro area. We excluded the portion of the metro area that falls within the state of Washington due to data limitations. The metro area used in our analysis was the "Portland OR-WA" Urbanized Area (UA) as defined by the US Census Bureau for the most recent census year (2010) [41] . The Census Bureau defines urban areas as " . . . a densely settled core of census tracts and/or census blocks that meet minimum population density requirements, along with contiguous territory containing non-residential urban land uses as well as territory with low population density included to link outlying densely settled territory with the densely settled core." [42] . Those urban areas with populations of 50,000 or more are designated as UAs by the US Census Bureau [42] .
To better understand how different segments of the Portland population may access urban greenery in different parts of the metro area, we measured urban greenery cover and park access by Block Group, the smallest unit for which US decennial census data and American Community Survey data are publicly-available across a wide range of topics [43] . Only Block Groups located entirely within the state of Oregon in the Portland OR-WA UA were included in the analysis. Block Group boundaries were obtained from the 2013 TIGER/Line Shapefiles produced by the US Census Bureau [44] .
Greenery Cover
We estimated greenery cover using aerial imagery produced by the US National Agriculture Imagery Program (NAIP). The imagery was acquired by the NAIP program during the growing season ("leaf on") in the year 2010 and has a resolution of 1 m 2 . The images were captured with four bands of data: red, green, blue, and near infrared. The four-band imagery allows for the calculation of the Normalized Difference Vegetation Index (NDVI) using the formula (NIR´Red)/(NIR + Red), where NIR is the near infrared wavelength band and Red is the red wavelength band. NDVI is a measure of the visible and near-infrared light reflected by green vegetation and is commonly used to estimate the density and type of vegetation in remotely-sensed images [45, 46] . The benefits of using the NDVI to measure vegetation are that (1) it provides data that are comparable across large areas and many different contexts; and (2) it allows for differentiation between broad greenery types (e.g., woody vegetation and grassy vegetation).
We calculated NDVI values for each 1 m 2 pixel and reclassified each pixel as either "mixed vegetation" or "predominantly woody vegetation". This distinction reflects the different benefits urban residents can derive from urban vegetation generally and woody vegetation specifically [7, 47, 48] . "Mixed vegetation" was defined as all pixels with values of 0.12 or higher and represents all urban greenery, including grass, garden and crop plants, shrubs, hedges, and trees [49] . "Predominantly woody vegetation" was defined as all pixels with values of 0.3 or higher and includes trees of all sizes, large shrubs, and hedges [49] . These reclassifications had accuracies of 93% for "mixed vegetation" and 81% for "predominantly woody vegetation", as determined by a 100-point random sample comparing the reclassified pixel values with aerial photos.
To estimate the availability of greenery in each Block Group, we calculated the mean "mixed vegetation" pixels ( Figure 1 ) and "primarily woody vegetation" pixels ( Figure 2 ) per area of land for each block group.
Green Spaces
We used the Outdoor Recreation and Conservation Area (ORCA) feature class produced by the Portland Metro Regional Government to identify green spaces in the study area. This dataset includes a variety of green spaces including parks and/or natural areas, cemeteries, golf courses, areas owned by private home owners associations, school lands, and areas not specifically designated as any other type of green space, such as privately-owned plots, transportation corridor buffers, and trails that are not large enough to qualify as parks [50] . The ORCA dataset is thus a wide definition of green spaces and represents both public and private land.
To estimate access to green spaces in each Block Group, we calculated the Euclidean distance between the Block Group centroid and the nearest park edge ( Figure 3 ). This simple method provides a reliable estimate of the average distance to the nearest green space edge from any point in the Block Group. The method treats all green spaces equally, regardless of size and ownership. 
Analysis
To better understand how different segments of the Portland population experience urban greenery in different areas of the metro region, we used step-wise multiple linear regression to examine correlations between socioeconomic factors and (1) mean "mixed vegetation" pixels; (2) mean "predominantly woody vegetation" pixels; and (3) distance to nearest green space by Block Group.
We investigated the relationship between zoning and greenery cover ("mixed vegetation" and "predominantly woody vegetation") using univariate Analysis of Variance (ANOVA).
Results
Greenery Cover
Mixed Vegetation
A multiple linear regression was calculated to predict mixed vegetation cover based on population density, median year built, income per capita, percent white, percent other race, percent professional degree, percent Master's degree and percent Asian. A significant regression equation was found (F(8, 890) = 99.746, p < 0.01) with an R 2 of 0.473 (Table 1) . Predicted mixed vegetation cover is equal to −6.643 − 30.532 (population density) + 0.003 (median year built) + 1.089 × 10 −6 (income per capita) + 0.312 (percent white) + 0.337 (percent other race) + 0.365 (percent professional degree) + 0.171 (percent masters degree) + 0.150 (percent Asian). Population density, house age, and per capita income showed the strongest relationships with mixed vegetation cover (Table 1 ). Block Groups with higher population densities, older houses, and lower per capita incomes had lower levels of mixed vegetation cover. 
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Predominantly Woody Vegetation
A multiple linear regression was calculated to predict predominantly woody vegetation cover based on median year built, population density, income per capita, percent other race, percent white, percent some school completed, percent high school diploma, and percent some college completed. 
A multiple linear regression was calculated to predict predominantly woody vegetation cover based on median year built, population density, income per capita, percent other race, percent white, percent some school completed, percent high school diploma, and percent some college completed. A significant regression equation was found (F(8, 890) = 103.730, p < 0.01) with an R 2 of 0.483 (Table 2) . Predicted predominantly woody vegetation cover is equal to´5.110 + 0.003 (median year built) 17 .728 (population density) + 5.700ˆ10´7 (income per capita) + 0.296 (percent other race) + 0.159 (percent white)´0.175 (percent some school)´0.134 (percent high school diploma)´0.059 (percent some college). House age, population density, and per capita income showed the strongest relationships with predominantly woody vegetation cover (Table 2 ). Block Groups with older houses, higher population densities, and lower per capita incomes had lower levels of predominantly woody vegetation cover. The ANOVA showed significant differences in predominantly woody vegetation cover among generalized zoning boundaries (F(1, 9) = 313.67, p < 0.01) and zoning accounted for just over 15% of the variation in the predominantly woody vegetation cover data (R 2 = 0.159). Zoning types with the lowest levels of predominantly woody vegetation cover were mixed-use residential, industrial, multi-family residential, and commercial ( Figure 6 ). Zoning types with the highest levels of predominantly woody vegetation cover were parks and open spaces, public facility, rural, and future urban development ( Figure 6 ). Among residential zoning types, single-family residential areas had much higher levels of predominantly woody vegetation cover than any other residential zoning types ( Figure 6 ). (Table  2) . Predicted predominantly woody vegetation cover is equal to −5.110 + 0.003 (median year built) − 17.728 (population density) + 5.700 × 10 −7 (income per capita) + 0.296 (percent other race) + 0.159 (percent white) − 0.175 (percent some school) − 0.134 (percent high school diploma) − 0.059 (percent some college). House age, population density, and per capita income showed the strongest relationships with predominantly woody vegetation cover (Table 2 ). Block Groups with older houses, higher population densities, and lower per capita incomes had lower levels of predominantly woody vegetation cover. The ANOVA showed significant differences in predominantly woody vegetation cover among generalized zoning boundaries (F(1, 9) = 313.67, p < 0.01) and zoning accounted for just over 15% of the variation in the predominantly woody vegetation cover data (R 2 = 0.159). Zoning types with the lowest levels of predominantly woody vegetation cover were mixed-use residential, industrial, multi-family residential, and commercial ( Figure 6 ). Zoning types with the highest levels of predominantly woody vegetation cover were parks and open spaces, public facility, rural, and future urban development ( Figure 6 ). Among residential zoning types, single-family residential areas had much higher levels of predominantly woody vegetation cover than any other residential zoning types ( Figure 6 ). 
Green Spaces
A multiple linear regression was calculated to predict distance to nearest park based on median year built, percent bachelors degree, and percent masters degree. A significant regression equation was found (F(3, 895) = 24.089, p < 0.01) with an R 2 of 0.075 (Table 3) . Predicted distance to the nearest park is equal to 4725.338´2.289 (median year built)´118.080 (percent bachelors degree)´183.887 (percent masters degree). Parks and green spaces thus appear to be more evenly distributed, showing a weak but significant relationship to socioeconomic factors. Block Groups with older houses, lower percentages of residents with bachelor's degrees, and lower percentages of residents with master's degrees had the largest distances to parks and green spaces. 
Discussion
The strong relationship between socioeconomic factors and greenery cover (Tables 1 and 2 ) suggests a somewhat uneven distribution of greenery in the Portland-Vancouver metro area. Population density and house age are the primary factors in this relationship, showing strong correlations with both mixed vegetation cover and predominantly woody vegetation cover. The correlation with population density is to be expected, given that higher population densities require higher building densities and thus reduced space for greenery near dwellings. This result is supported by the zoning analysis ( Figures 5 and 6 ): mixed-use residential and multi-family residential zones, which are designed to accommodate higher residential population densities, showed some of the lowest levels of greenery cover among the zoning types analyzed. More surprisingly, the analysis indicates that greenery cover is more abundant in areas with newer houses, in contradiction to some previous research [19] . While this observation may appear to contradict the notion that older neighbourhoods generally contain older trees, it may reflect the fact that newer housing developments occur in peri-urban areas close to forested rural areas [52, 53] . The zoning analysis supports this conclusion, showing the highest levels of urban greenery in rural areas and those zoned for future urban development (Figures 5 and 6 ).
The majority of the socioeconomic variables showing significant correlations with urban greenery cover reflect the income, race and education of residents, and indicate that Portland's residents may, in fact, suffer from green inequity (Tables 1 and 2 ). According to our analysis, residents who have higher incomes or those who are white, Asian, or who self-identify as "other race" (some race other than white, black, Aboriginal, Hawaiian, and Asian), or who hold a professional or masters degree, are more likely to live in areas with high levels of mixed vegetation cover (Table 1) . Those with higher incomes, those who are white, or those who self-identify as "other race" are more likely to live in areas with high predominantly woody vegetation cover while those with limited secondary and post-secondary education are less likely to live in those areas (Table 2) . Urban greenery cover is thus somewhat distributed according to typical socioeconomic divisions. The City of Portland appears to be aware of the potential for these divisions in greenery cover, as evidenced by programming to prioritize street tree planting in low-income communities and communities of colour described in the 2014 Urban Forest Action Plan Implementation Update [39] . While street tree planting is an important part of increasing greenery abundance in low-canopy neighbourhoods, our analysis does not provide guidance as to whether greenery on public or private land is primarily responsible for these inequities. Private land often provides a large portion of urban greenery [17, 54] and is thus an important consideration in urban greening programs. Further analysis to differentiate between greenery on public and private land may help explain the relative contributions of public and private land to the observed green inequities and provide guidance for greening programs in low-canopy neighbourhoods.
While there is strong evidence of the environmental, psychological, physical health, and economic benefits of trees [2] [3] [4] [5] [6] [7] [8] , and evidence of aesthetic preference for urban greenery [48] , it is important to note that some urban residents may prefer not to live near urban greenery. Preferences for urban greenery appear to be influenced by culture [55] [56] [57] and may also be influenced by socioeconomic background [25] . Low levels of urban greenery and large distances to urban parks would not be considered to be problematic by such residents. Our current analysis cannot comment on such preferences and this may be an area for further research.
Interestingly, the distribution of green spaces in Portland appears to be highly equitable, with only weak relationships between the distance to the closest green space and socioeconomic variables (Table 3) . While the analysis did not examine green space size or land tenure, it suggests that most Portland residents live within similar distances of green spaces of some size. Residents living in newer houses and with post-secondary degrees are more likely to live nearer to a green space, suggesting the presence of green inequity, but this does not appear to be a strong correlation. The relatively equitable distribution of green spaces in Portland highlights a policy tool that municipalities in the metro area may use to maintain or improve current levels of green equity. Although it may be difficult to influence greenery abundance on private property, maintaining or improving residents' access to high-quality green spaces would ensure that all residents are able to access greenery near their homes, regardless of socioeconomic status. Further analysis of green space access that considers size and land tenure would help clarify how green space development could be used to reduce green inequity.
The green inequities illustrated by our analysis become more serious when viewed through the lens of public health and well-being. Those residents of Portland who have the lowest levels of greenery access are also those who are most likely to suffer poor public health outcomes and who may experience the greatest benefits from higher greenery access [11] [12] [13] . In addition, these potential health inequities may be exacerbated by climate change. As climate change progresses and increases in intensity, cities may experience a range of changes and pressures that can have negative impacts on urban residents' health, such as rising sea levels and increased storm surges, heat stress, extreme precipitation events, flooding caused by increased precipitation and snow melt, landslides, drought, increased aridity, water scarcity, and air pollution [58] . Residents and communities with lower socioeconomic status may be more vulnerable to climate change impacts than other segments of the population [58, 59] , suggesting another way in which increased urban greenery may have stronger physical health benefits for lower socioeconomic groups. Although the specific impacts of climate change will vary by location, urban greenery can play a key role in moderating the impacts of climate change and helping urban communities adapt to its effects. The microclimatic regulation provided by urban greenery can work in concert with other types of infrastructure and adaptation programming in comprehensive climate change adaptation strategies that ensure adequate greenery cover in vulnerable areas [5, 8, 10, [60] [61] [62] .
Portland is clearly aware of the importance of urban green equity and some of its implications for urban forest management, although urban forest policy documents suggest that this awareness is relatively recent and it is thus unlikely that policy instruments will have had time to achieve any real reductions in urban green inequity [39] . Portland also appears to have begun integrating urban forest management with climate change and green infrastructure planning in the city [34, 35] . Given the public health and climate change adaptation implications of urban green inequity, Portland would benefit from further integrating urban forest management into broader municipal planning initiatives, thereby attempting to ameliorate urban green inequities using a variety of policy mechanisms. Urban greenery is part of the larger urban "ecosystem", working together with other infrastructure and programming to improve residents' well-being.
Conclusions
Our results suggest that urban green equity is an issue affecting disadvantaged urban residents. However, our analysis examines the issue in only one metro area. Urban forest management is clearly influenced by local environment, development history, and municipal and regional policies, and will thus vary among cities and metro areas [63] . To truly begin to understand patterns of urban green inequity and associated factors, this analysis should be extended to other cities that represent a diversity of geographies, development histories, and policy approaches to urban forest management. This broader analysis would help unpack general and locally specific factors associated with urban green inequity.
In addition to a broader analysis of the topic, a deeper, case study analysis of urban green inequity would help explain important aspects of the topic not examined in our analysis. Factors such as land tenure and access, tree species and condition, aesthetic and recreational quality, and cultural preferences will likely affect how urban residents experience and benefit from urban greenery [54, 55, 64, 65] . While our analysis demonstrated broad patterns of access to urban greenery, these finer scale factors influence whether urban greenery is truly accessible and the magnitude of benefits urban residents derive from it.
Both of the broad and fine scale analyses suggested above require high quality data to accomplish. Broad-scale spatial analyses require high-quality aerial imagery and land use and land tenure data that are not always available across cities and metro regions. When they are available, differences in local definitions and data collection methodologies can impede comparisons. Large data collection programs, such as the NAIP, or online clearinghouses would facilitate analyses across several cities or metro areas.
On the other end of the spectrum, fine scale data on tree species, condition, and local cultural values and preferences generally require field research to obtain it. Some municipalities have begun sharing local, fine scale data such as tree inventories, online, representing an important source of urban forest data. As government, organizations, academics, and citizens continue to collect such data, collaboration and open data access have the potential to facilitate continued in-depth research. As we improve our understanding of urban green equity and the factors associated with it, cities and societies will be able to craft more effective approaches to reducing urban green inequity, thereby improving residents' quality of life.
